The branching order of major angiosperm lineages is a challenging phylogenetic question that has received substantial attention in recent years. Two main competing hypotheses place the New Caledonian Amborella as either sister to all other extant angiosperms (Amborella-sister) or to the water lilies (Amborella þ Nymphaeales). Here, we revisit this question by expanding a transcriptomic data set of 310 genes previously assembled to include data from seven species comprising two major lineages of flowering plants that were poorly represented or missing from the original study. We also applied gene genealogy interrogation, a recent approach based on constrained tree searches in combination with topology tests, to account for gene tree estimation error and its downstream effects in coalescent analyses. In addition to gene genealogy interrogation, we conducted a large number of multilocus analyses, including concatenation and coalescent approaches (using both unconstrained and constrained gene trees), and based on different data sets (original and expanded) and data types (nucleotide and amino acid sequences). We show that the majority of gene trees favor Amborella-sister topology, and all multilocus analyses conducted (concatenation and coalescent) provide overwhelming support for this hypothesis regardless of data type. Beyond resolving the evolutionary root of angiosperms with confidence, our results highlight the importance of both broadening taxonomic sampling in phylogenomics and addressing the effects of gene tree error in summary coalescent inferences.
With nearly 300,000 species, angiosperms (flowering plants) comprise the largest clade of terrestrial plants (Judd et al. 1999) . Although important efforts have been made to resolve the phylogeny of angiosperms (e.g., Soltis et al. 2011; APG IV 2016) , the branching order of major lineages at the root remains a challenging phylogenetic problem. There are currently two competing hypotheses concerning the extant sister group to all other flowering plants: 1) Amborella trichopoda alone-a unique shrub species endemic to New Caledonia in the order Amborellales (e.g., Mathews and Donoghue 1999; Soltis et al. 1999 Soltis et al. , 2000 Stefanovié et al. 2004; Leebens-Mack et al. 2005; Jansen et al. 2007; Graham and Iles 2009; Moore et al. 2011; Soltis et al. 2011; Drew et al. 2014; Ruhfel et al. 2014; Wickett et al. 2014; Zeng et al. 2014; Simmons and Gatesy 2015; Simmons 2016) or 2) a clade comprising Amborella plus the water lilies (Nymphaeales) (e.g., Barkman et al. 2000; Soltis et al. 2000; Leebens-Mack et al. 2005; Jansen et al. 2006; Moore et al. 2007; Graham and Iles 2009; Qiu et al. 2010; Finet et al. 2012; Laurin-Lemay et al. 2012; Goremykin et al. 2013; Xi et al. 2014) . A third possibility involves placement of water lilies as sister to all other angiosperms, but this topology has received little support from molecular phylogenetic analyses (but see Yang et al. 2007 ; fig. 1 ).
To address the relationships of major angiosperm lineages, previous studies have assembled molecular data sets including a few to hundreds of genes (e.g., Soltis et al. 2000; Jansen et al. 2007; Moore et al. 2007; Wang et al. 2009; Lee et al. 2011; Moore et al. 2011; Soltis et al. 2011; Drew et al. 2014; Xi et al. 2014; Zeng et al. 2014 ). Prior to 2014, all analyses conducted were based on concatenated alignments of all gene fragments examined. Both simulation and empirical data have shown, however, that concatenation approaches can yield misleading results when the underlying assumption of nondiscordant gene histories is extensively violated by the data (Kubatko and Degnan 2007; ). Recent development of coalescent methods that can better accommodate gene tree heterogeneity resulting from the presence of incomplete lineage sorting (ILS) provides an avenue for species tree inference (Liu 2008; Kubatko et al. 2009; Heled and Drummond 2010; Larget et al. 2010; Liu et al. 2010; Mirarab et al. 2014; Mirarab and Warnow 2015) . Xi et al. (2014) applied both concatenation and coalescent approaches to investigate the evolutionary root of angiosperms using a transcriptomic data set consisting of 310 nuclear genes and 46 taxa, including most major angiosperm lineages as well as gymnosperm outgroups. Although their concatenation analyses provide support for the Amborella-sister hypothesis, summary coalescent approaches (MP-EST and STAR; Liu et al. , 2010 applied to this data set resolved Amborella þ Nymphaeales tree. Xi et al. (2014) dismissed the results based on concatenation methods invoking their inability to account for ILS. These authors further reinforced their conclusions following the results obtained using treeindependent character-subsampling procedures to filter out fast-evolving sites (see also Edwards et al. 2016) . Recent reanalyses of Xi et al. (2014) 's data set, however, have shown that the summary coalescent approaches used are sensitive to both mis-rooted gene trees and alignment errors (Simmons and Gatesy 2015) , and that the character subsampling strategies utilized are biased (Simmons 2016) . When those two factors are accounted for, Amborella-sister is resolved even with coalescent approaches (Simmons and Gatesy 2015; Simmons 2016) .
Two main methodological artifacts compromising the accuracy of phylogenetic analyses have not yet been considered by the recent genomic studies that investigate the evolutionary origins of major angiosperm lineages: 1) gene tree estimation error (i.e., inferred gene trees failing to depict the true genealogical history of genes) and 2) detrimental effects of limited taxonomic sampling. The former factor typically stems from the low information content of the (often short) individual gene fragments (e.g., Roch and Warnow 2015; Arcila et al. 2017) , whereas failure to include key lineages that bisect long branches can produce systematic errors such as longbranch attraction (e.g., Wiens 2003; Heath et al. 2008) . Aside from the mis-rooting issues raised (Simmons and Gatesy 2015; Simmons 2016) , gene tree error was discussed but not directly addressed by the previous studies. Furthermore, the transcriptomic data set analyzed by Xi et al. (2014) included a single species of water lilies and lacked early-branching representatives in the "remaining angiosperms" unnamed clade (RA clade hereafter).
Here, we revisit the root of angiosperms problem by accounting for potential systematic biases arising from limited taxon sampling and gene tree estimation error. We expanded Evolutionary Root of Angiosperms Xi et al. (2014) 's transcriptomic data set of 310 nuclear genes to include previously unexamined sequences from two earlydiverging angiosperm lineages. The new taxa added include three water lilies that split the long branch leading to Nuphar (sole representative of Nymphaeales in Xi et al. 2014 's data set) and four species in Austrobaileyales, which comprises the earliest-branching lineage in the RA clade (not represented in the original data set; see APG IV 2016; fig. 2 ).
We also conducted gene genealogy interrogation (GGI), a recently proposed approach to discern between estimation error and actual biological conflict (e.g., resulting from ILS) in explaining gene tree incongruence (Arcila et al. 2017 ). This method interrogates individual genes via topology tests to determine the genealogical history that each gene supports with highest probability. In other words, it identifies which tree topology, from a set of predefined topologies, provides the best fit for each of the (often short) gene partitions. GGI extracts the signal from genes by applying topological constraints according to the number of alternative trees for a given n-taxon statement. The base of angiosperms is a rooted 3-taxon (or unrooted 4-taxon) problem that involves three possible topologies: Amborella-sister, Amborella þ Nymphaeales, or Nymphaeales-sister (see fig. 1 ). The resulting constrained trees for each gene are statistically compared and ranked according to the P values obtained using the approximately unbiased (AU) test (Shimodaira 2002) . In addition to summarizing the relative support that each alternative topology receives across genes, the resulting rank 1 gene trees selected by the topology tests (GGI gene trees) can be used as input for species tree methods, thereby accounting for systematic errors intrinsic to unconstrained gene tree inference and ultimately summary coalescent analyses (Arcila et al. 2017; Mirarab 2017) .
To assemble the expanded data set, we first excluded the highly divergent outgroup Selaginella moellendorffii (included by Xi et al. 2014 ) to avoid systematic biases stemming from long-branch attraction (see Simmons and Gatesy 2015) . Some analyses (GGI; see below), however, used the original and expanded data sets both with and without Selaginella for more direct comparison with previous studies. All analyses conducted were based on both nucleotide and amino acid sequences. We first inferred unconstrained gene trees under maximum likelihood (ML) in RAxML and IQ-TREE, and Bayesian inference in PhyloBayes using infinite mixtures. The resulting trees were input for summary species tree analyses under two different approaches: ASTRAL-II and MP-EST. We then conducted concatenation analyses under ML (RAxML and IQ-TREE) and Bayesian (ExaBayes and PhyloBayes) criteria using the expanded data sets. To account for biases arising from the inclusion of fast-evolving sites (Xi et al. 2014; Edwards et al. 2016) , we also selected the top 100 most conserved genes for both concatenation (PhyloBayes) and species tree (ASTRAL and MP-EST) inference.
Next, we applied GGI to test the three alternative topologies concerning the evolutionary root of angiosperms (see above). We conducted a total of 32 GGI analyses, comprising different data sets (original and expanded, both with and without Selaginella), data types (nucleotide and amino acid sequences), using two alternative approaches for sampling GGI trees (complete data set including all rank 1 trees and a subset of all rank 1 trees that are significantly better than the alternatives), and applying different numbers of constraints. Following points raised by Mirarab (2017) , alternative scenarios for topological constraints include enforcing (as originally proposed) or relaxing the monophyly of the RA and Nymphaeales subclades (see supplementary fig. S1 , Supplementary Material online). By relaxing the assumption of subclade monophyly, we account for the potential of ILS to disrupt subclades in a nontrivial proportion of genes. Finally, we used 16 (of 32) sets of GGI gene trees, obtained with two of the most contrasting data sets assembled (the original including Selaginella and the expanded excluding it), as input for ASTRAL-II and MP-EST (32 analyses). See Materials and Methods for additional details.
Regardless of the method (coalescent or concatenation) or data type (nucleotide or amino acids) used, all multilocus analyses conducted support the Amborella-sister topology ( fig. 2 and supplementary figs. S4-S20, Supplementary Material online). Most concatenation analyses (RAxML, IQ-TREE, ExaBayes, and PhyloBayes) and coalescent-based ASTRAL-II (with different data types, substitution models, and methods applied for gene tree estimation; see details in table 1) resolved a clade including RA þ Nymphaeales (to the exclusion of Amborella) with full support (table 1). The same is true for concatenation and coalescent analyses based on a subset of the most conserved genes (table 1). Although multilocus bootstrapping support obtained with ASTRAL-II and MP-EST is not as strong (89.5-98.5%; table 1), both coalescent methods also resolved this clade.
All GGI analyses, based on both the original and expanded data sets, resulted in most genes favoring Amborella-sister (mean frequency across analyses based on all GGI gene trees or x all ¼ 44.7%; mean frequency across analyses based on significant-only GGI gene trees or x sign. ¼ 66.8%) over Amborella þ Nymphaeales (x all ¼ 28.0%; x sign. ¼ 20.3%) and Nymphaeales-sister (x all ¼ 27.4%; x sign. ¼ 12.9%; fig. 3 and supplementary figs. S2 and S3, Supplementary Material online). The 32 coalescent-based analyses that used the GGI gene trees as input also resolved this tree (MP-EST and ASTRAL-II; available from FigShare). Although we did not conduct a modified version of GGI that uses constrained topologies in combination with statistically better unconstrained NOTE.-The model shown under coalescent methods is the substitution model used for gene tree estimation. The unconstrained gene trees were used for coalescent methods. BS, bootstrap support; PP, posterior probability. a Analyses that were conducted using the top 100 most conserved genes.
Evolutionary Root of Angiosperms gene trees (suggested by Mirarab 2017), we note that species tree analyses using either fully unconstrained (non-GGI) or fully constrained (GGI) tree searches all resolved the Amborella-sister tree.
Both the original and expanded data sets use the same set of 310 protein-coding genes; they differ in that the latter excludes a highly divergent gymnosperm outgroup (S. moellendorffii) and includes seven additional lineages that branch off near the angiosperm root, bisecting two long branches (Nymphaeales and Austrobaileyales in the RA clade; see fig.  2 ). Unlike the conflict between concatenation and coalescent analyses reported by Xi et al. (2014) based on the original data set, our multilocus analyses using the expanded data set appear to be robust to method choice. Additionally, our examination of the distribution of GGI gene trees shows that Amborella-sister is the most frequent gene genealogy-not only with the expanded data set (with or without Selaginella), but perhaps most importantly with the original data set ( fig. 3 and supplementary figs. S2 and S3, Supplementary Material online). Inability of the Xi et al. (2014) study to achieve this result using unconstrained tree searches in combination with coalescent analyses suggests that their results may have been affected by gene tree error and/or incomplete taxon sampling.
Although all GGI analyses resulted in broadly similar gene tree distributions, some disparity across data sets exists. For instance, boxplots based on analyses derived from two alternative data sets reveal nonoverlapping frequencies of significant GGI trees in favor of Amborella-sister ( fig. 3b) . Likewise, analysis of one of the expanded data sets assembled (all genes, without Selaginella) find higher support for Nymphaeales-sister over Amborella þ Nymphaeales ( fig. 3a) , which is opposite to what other data sets resolve.
Another recent study (Shen et al. 2017 ) applied a method similar to GGI to address the root of angiosperms (along with other recalcitrant groups in the Tree of Life) based on a single analysis obtained with a different transcriptomic data set (assembled by Wickett et al. 2014 ). The two methods are similar in that they both estimate the difference in support for alternative trees across genes using topological constraints in combination with the AU test. The major difference is that GGI considers all possible topologies for a given n-taxon problem, whereas the other approach compares the top two most contentious trees only. Although the Shen et al. (2017) results also provide higher statistical support for Amborella-sister relative to Amborella þ Nymphaeales, the authors conducted no multilocus analyses (concatenation or coalescent) and failed to consider the Nymphaeales-sister tree, which is favored by a substantial number of genes, with one analysis even resolving it at a higher frequency than Amborella þ Nymphaeales ( fig. 3a) .
In summary, our investigation of the evolutionary root of flowering plants using GGI in combination with expanded taxonomic sampling of critical lineages consistently resolve the Amborella-sister topology as both the organismal phylogeny receiving greatest support ( fig. 2; table 1 ) and the most frequent gene genealogy ( fig. 3 and supplementary figs. S2 and S3, Supplementary Material online). Our study ultimately underscores the importance of addressing gene tree error when implementing coalescent approaches and the necessity of broadening taxonomic coverage in phylogenomics. Diverting from "many-genes few-taxa" approaches is a crucial step toward advancing resolution of challenging groups in the Tree of Life.
Materials and Methods
Seven species from Austrobaileyales and Nymphaeales were added to the Xi et al.'s (2014) data set based on in silico   FIG. 3. -Results from GGI applied to the original or expanded data sets, based on either (a) all gene trees or (b) a subset of rank 1 gene trees with ML searches that are significantly better (P < 0.05) than the alternatives. Each boxplot summarizes data points obtained from four alternative analyses: using either nucleotide or amino acid sequences, and enforcing (via topological constraints) or relaxing (unconstraining) the assumption of monophyly for the two main subclades (i.e., Nymphaeales [expanded data set only] and RA). See supplementary figs. S2 and S3, Supplementary Material online, for individual results based on the 16 analyses conducted. Sel.: data set including the Selaginella outgroup; No Sel.: data set excluding it.
mining of genomic or transcriptomic data. The draft genome of Nymphaea colorata was kindly provided by L. S. Zhang (unpublished). The assembled transcriptomes of Cabomba caroliniana and Illicium henryi are from Zeng et al. (2014) . The Austrobaileya scandens, Illicium floridanum, Kadsura heteroclite, and Nymphaea sp. transcriptomes were retrieved from the "1000 plants" project database (https://db.cngb. org/blast4onekp). The 310 orthologous genes common to the Xi et al.'s (2014) data set were filtered for the newly included taxa using TBlastN searches (Altschul et al. 1990) with an e-value 1eÀ20 and using Arabidopsis thaliana as reference. The original data set includes 221.7 genes present per species on average (90-310); the seven species added include 292.4 genes on average (278-303). Thus, missing data is not a factor biasing the properties of the expanded data set relative to the original set (supplementary table S2, Supplementary Material online).
The expanded data set was aligned in MUSCLE (Edgar 2004 ) on a gene-by-gene basis. The resulting alignments were trimmed in GBlocks v.0.91b (Castresana 2000) using the Àt ¼ c and Àb5 ¼ half options. Each alignment was visually checked by considering the reading frame and obvious mis-alignment errors were corrected. The corresponding amino acid sequence alignments were generated by translation of the nucleotide alignments in MEGA7 (Kumar et al. 2016) . Three gymnosperms outgroups were retained from the original data set (Zamia, Picea, and Pinus) after excluding S. moellendorffii (see above).
The 310 gene trees used as input for summary coalescent analyses were inferred in RAxML v8.2 (Stamatakis 2014) using the GTRGAMMA and PROTGAMMAWAG models for nucleotide and amino acid sequence data, respectively. Additionally, gene tree estimation was also conducted under the more complex CATGTR Bayesian model in PhyloBayes (Lartillot et al. 2013) for both nucleotide and amino acid sequences and under the LGþC20þFþG model in IQ-TREE (Nguyen et al. 2015) for amino acid sequences. Two summary coalescent methods were used for species tree inference based on the alternative sets of gene trees obtained. The ASTRAL-II v 4.10.12 (Mirarab et al. 2014; Mirarab and Warnow 2015) analyses used unrooted gene trees with multilocus bootstrapping (Seo 2008 ) and local posterior probability support (Sayyari and Mirarab 2016) . The MP-EST (Liu et al. 2010) analyses used rooted gene trees and multilocus bootstrapping support (24 gene trees were discarded for MP-EST as they lacked outgroups for tree rooting after excluding S. moellendorffii). Finally, to address the results by Xi et al. (2014) showing that support for Amborella þ Nymphaeales increases when fast-evolving sites are filtered out (but see points raised by Simmons 2016 about potential biases in the sampling strategy utilized), we selected the top 100 most conserved genes with highest average pairwise similarity (81-97%; following Betancur-R. et al. 2014) for both coalescent and concatenation analyses.
For concatenation analyses, the nucleotide alignments were partitioned by gene and codon positions; amino acid alignments used by-gene partitions only. Best-fit partitioning schemes were first selected using the Akaike information criterion (AIC) as implemented in Partitonfinder2 (Lanfear et al. 2017) . A total of 86 and 49 partitions were selected by the AIC for nucleotide and amino acid alignments, respectively, and applied accordingly for downstream analyses. The ML concatenation trees were estimated using the GTRGAMMA (RAxML) model for nucleotide data and the PROTGAMMAWAG (RAxML) and LGþC20þFþG models (IQ-TREE, Nguyen et al. 2015) for amino acid data. Bayesian phylogenetic inference was conducted in ExaBayes v1.5 (Aberer et al. 2014 ) using two independent runs, each with 4 chains and run for 1,000,000 generations. Finally, we also conducted Bayesian concatenation analyses under the CATþGTR mixture model in PhyloBayes. To reduce computational time with PhyloBayes, the data set was filtered to include the top 100 most conserved genes, as explained above. Convergence of chains for Bayesian analyses was assessed by ensuring that average standard deviations of split frequencies were lower than 5%.
The 32 sets of GGI analyses conducted involved a total of 7,440 constrained ML searches: 3 topologies for each of 310 gene trees, based on nucleotide or amino acid sequences, enforcing or relaxing the monophyly of the Nymphaeales (expanded data set only) and RA subclades, and including or excluding the highly divergent Selaginella outgroup (see Simmons and Gatesy 2015) . Site likelihood scores for each alternative tree were obtained with RAxML, and a topology test was conducted for each gene by statistically comparing the scores of the three trees via the AU test (Shimodaira 2002) as implemented in CONSEL v0.1 (Shimodaira and Hasegawa 2001) . Trees were ranked according to the P values and visualized using box plots, cumulative plots, and columns charts. Two alternative approaches were then applied for sampling GGI trees, one using all rank 1 trees (complete data with 310 genes) and another using the set of rank 1 trees that are significantly better than the alternatives (smaller subset; fig. 3 and supplementary figs. S2 and S3, Supplementary Material online). Finally, 16 (of 32) sets of GGI trees selected from the previous step, based on 2 of the 4 data sets assembled (see main text), were used as input for ASTRAL-II and MP-EST (32 analyses).
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